Optical properties of an external cavity laser with a semiconductor optical amplifier and two diffraction gratings are de− scribed. The laser has been pigtailed and its emission showed two peaks in the output spectrum. The wavelength of the peaks, and in particular the spectral spacing between them, could be controlled by adjusting the reflecting elements in the system. The proposed double−frequency laser may be adopted as a signal source in terahertz generators.
Introduction
Although a significant progress has been recently made to− wards development of terahertz transistors [1, 2] , presently only optical methods are capable to deliver terahertz (THz) signals of reasonable power [3] . In this field, apart of quan− tum cascade lasers (QCL) some of which can generate in the THz wavelength region [4, 5] , the optical methods may be considered in categories of two main groups. One of them termed "time−domain system" exploits femtosecond optical pulses that stimulate THz wavelengths in resonant photo− −switches or photo−conductive antennas [6] , the other one uses four−wave mixing of two laser beams in photo−mixers [7] . The advantage of the latter is a possibility of generation of continuous wave (CW) signals in the THz range at a rela− tively high level of the output power. It requires, however, to have an access to two single frequency laser beams with the difference in wavelengths strictly defined by the expected THz frequency.
Various approaches have been proposed to satisfy de− mands set by the THz generators based on photo−mixing. Systems that contain two high−power semiconductor dis− tributed feedback (DFB) lasers or two CO 2 lasers were de− scribed in Refs. 8 and 3, respectively. However, the most promising seem to be the systems based on generation of double−frequency (two−colour) laser beams in the external cavity lasers (ECL). This is because lasers of this type may deliver single frequency high power beams tunable to the desired wavelength. An extended survey of the proposed configurations of the ECLs that can generate two−colour beams was published in Ref. 9 . A review of state of the art developments concerning configurations and properties of various ECLs can be found in Ref. 10 . Here, we report on the results obtained in the ECL system that has been built using two diffraction gratings one of which was reflection and the other one of transmission type. This hybrid solution is up to our knowledge presented for the first time if not to take into account experiments with a quasi−transmission grating that had been built into an optically integrated waveguide system to provide multichannel operation of the device [11] .
Experimental ECL set-up
A schematic diagram of the investigated ECL is shown in Fig. 1 . It consisted of a semiconductor optical amplifier (SOA) and two gratings, a reflection and transmission one marked A and B, respectively. These gratings were optically coupled to the SOA via a lens and other optical components. The mechanical platform, on which the SOA was posi− tioned, has been designed to allow for collecting optical sig− nals emitted from both facets of the amplifier. The grating B and the mirror M were positioned on precise rotation plat− forms with options for horizontal movements. Also the gra− ting A could be pivoted around the vertical axis.
Function of the SOA was played by a ridge waveguide InGaAs/GaAs chip with the composition profile typical for the graded index separately confined heterostructures (GRIN SCH) aimed for room temperature operation at the 980−nm wavelength. Some more details concerning this heterostructure are given in Table 1 .
Dimensions of the SOA p−type contact were 100×700 μm 2 . The front facet of the SOA was coated with a l/4 a−SiNx film by reactive planar magnetron direct current (DC) sputtering process from a Si target. The film was re− duced by reactive ion sputtering from a Si target. The re− duced reflectivity of the facet was estimated by increase in the lasing threshold current density and was found to be on the order of 1%. The rear facet of the SOA was left uncoated and exhibited reflectivity of 32%. Signal emitted through this face was focused by the aspheric lens L 1 (f = 3.1 mm, 0.68 NA) and coupled to a multimode fibre (graded index 200 μm/0.22 NA). Signal emitted through the front face was collimated by the aspheric lens L 2 (f = 4.5 mm, 0.55 NA) and coupled optically with the gratings A and B.
The SOA chip was attached to a thermoelectric cooler to allow for control of its temperature with the accuracy of ±0.1 K. It was oriented in such a way that the active layer plane (quantum well plane) was parallel to the grating grooves since it was already found that this is an obligatory condition for ECL operation with the broad contact SOAs due to single mode operation of the SOA in direction per− pendicular to the quantum well plane [12] . The SOA chip was pulse driven (I D = 0.4 A) with the current pulses t 2−μs long and 10−kHz repetition frequency. The spectral charac− teristics of the output beam were measured using a spectrum analyser with the wavelength resolution of 10 pm.
The crucial property of the SOA was its low front facet reflectivity secured by deposition of an antireflective (AR) layers. The AR layers were deposited in ultra−high vacuum (UHV) sputtering system, with the base pressure at the range of 10 -9 mbar. A DC reactive magnetron sputtering mode was applied for deposition. Technological process took place in mixed argon (20 mbar) and nitrogen (10 mbar) atmosphere with total pressure of 30 mbar over two−inch dia− meter silicon target with DC power of 0.14 kW. The dis− tance between the target and substrate was 120 mm. Such distance guarantees that no damage to the AR layer could be done by energetic plasma particles. Prior to coating the SOA chips, optical parameters of a−SiN x films were studied. For that purpose, a single layer of a−SiN x was deposited on crys− talline silicon or GaAs substrate at room temperature. Re− fractive index of the layer was then specified by ellipso− metry and found to be equal to 2.15 for l = 980 nm wave− length. This has determined that our l/4 AR coatings should be 114−nm thick and the a−SiNx layer of such thickness was deposited simultaneously on the mirror of the SOA chip that had been mounted on a gold plated cooper heatsink, and on a test piece of silicon substrate. Reflectivity of the AR coa− tings was estimated by comparison of the laser threshold cur− rent before and after coatings were applied and confirmed by direct measurement of coated silicon substrate reflectivity with the Perkin Elmer Lambda 9 Spectrophotometer.
The reflection grating (marked A on the drawing of Fig. 1 ) was placed at the Littrow angle to obtain the 1 st order feedback [13] . This was a standard gold covered holo− graphic grating with 1600 lines/mm. Dependence of the reflectance of this grating on the light incidence angle q and the wavelength is displayed in form of 2D diagrams in In the ECL laser investigated, as it was already men− tioned, the grating was positioned in configuration with the grooves parallel to the plane of the SOA active region. This means that it was operated in the p−polarized orientation since as it had been formerly verified the beam emitted by diode la− sers of the type used in these experiments is TE polarized in the plane of the active region. The grating operated at the q angle set around 50°. Although reflectance characteristic of the grating [ Fig. 2(b) ] seems quite unfavourable from the point of view of the output power reflected in the 0 th order, operation of the ECL under such conditions did not have deleterious effect on the lasing action.
The transmission grating (marked B on the drawing of Fig. 1 ) operated in the Littman regime [14] enforced by the mirror M. This particular grating was of the type volume phase grating (VPG) and has been recorded in the dichro− mated gelatine 6−μm thick layer. The gelatine has been sealed between glass plates covered by antireflection coa− tings. The grating featured 1100 lines/mm and operated at the angle of 34°, very near to the Bragg angle. Its diffraction efficiency in the +1 st order reached then maximum at l = 900 nm.
Transmission of this grating was measured in the geo− metrical configuration as shown in Fig. 3 and the results are plotted in the diagrams of Fig. 4 . They are in a way ana− logues to those displayed in Fig. 2. 
Results
Properties of the ECL lasers with reflection and transmis− sion gratings, measured for a singular grating configuration are listed in Table 2 . The measurement system in each case was the same as in Fig. 1 with the difference that unneces− sary optical elements for particular configuration were appropriately removed. The linewidth FWHM listed in Table 2 was measured with accuracy of 0.02 nm by a spectrum analyser. Tuning range has been specified for pivoting the grating A and the mirror M, respectively. Measurements were taken for the current pulses I D = 0.4 A, t = 2 μs, f = 10 kHz, at the tempe− rature of 20°C.
It should be mentioned that out of the both systems, the ECL with the transmission grating B was in general more efficient. That was probably due to high reflectivity of the external mirror M, however, more conclusive reasons have yet to be investigated.
Emission spectra of the investigated ECLs with a singu− lar reflection grating and for a double−grating configuration are shown in Fig. 5 . It is to be noted that combination of the two gratings in the system shown in Fig. 1 allowed for si− multaneous excitation of two emission lines. Since the la− sers could be tuned by rotating the grating or the external mirror (variant A and B) as shown in Fig. 6 , each of the lines in the double line spectrum of Fig. 5 could be shifted to ob− tain a desired wavelength spacing in between, within the tuning range of the ECLs.
These results prove that transmission gratings are useful for building ECL systems and they provide higher total power efficiency of these systems. It has been also shown that feasibility exists for building double−frequency ECLs, easily tunable within the range required for photo−mixing, and that would lead to THz generation. No effort was made to optimize the described ECLs towards obtaining signifi− cant output power, but such opportunity certainly exists. Proportion of the beam splitting performed by the S−splitter in the system of Fig. 1 and reflectivity of the rear SOA facet should be adjusted in first place. Output power optical fiber coupling can also be maximized in standard ways.
